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Depletion forces exerted by self-propelled particles on circular and elliptical passive objects are
studied using numerical simulations. We show that a bath of active particles can induce repulsive
and attractive forces which are sensitive to the shape and orientation of the passive objects (either
horizontal or vertical ellipses). The resultant force on the passive objects due to the active particles
is studied as a function of the shape and orientation of the passive objects, magnitude of the
angular noise, distance between the passive objects. By increasing the distance between obstacles
the magnitude of the repulsive depletion force increases, as long as such a distance is less than
one active particle diameter. For longer distances, the magnitude of the force always decrease with
increasing distance. We also found that attractive forces may arise for vertical ellipses at high
enough area fraction.
PACS numbers: 47.57.-s
I. INTRODUCTION
Active matter or self-propelled particles (SPP) refers
to systems in which its entities convert internal energy
into motion, being therefore out of equilibrium [1, 2].
Typical examples of these systems are biological sys-
tems [3], where microorganisms such as bacteria and eu-
karyote cells propel themselves with hair-like structures
known as flagella. These microorganisms exhibit a vari-
ety of structural and dynamical patterns [4–11]. Recent
studies showed that colloidal particles can also behave
as self-propelled particles [12, 13]. Active colloids can
be induced using photoactive materials [14]. Partially
coated colloidal particles with platinum and dispersed in
H2O2 solution are often used as model of self-propelled
colloids[15]. The motion of an artificial micro-swimmer
that uses chemical reaction catallyzed on its own surface
to achieve autonomous propulsion is also experimentally
possible[16]. Erbe et al. showed [17] that it is possible to
induce active colloids with three different driving mecha-
nisms: by gravity, by a gradient in a magnetic field, and
by a local chemical reaction. Catalytically active Janus
micro-spheres are capable of autonomous motion and can
potentially act as carriers for transportation [18].
When hard colloidal particles are held in suspension,
in a bath of smaller passive colloids under Brownian mo-
tion, attractive interactions between the large colloidal
particles arises by means of depletion forces. This at-
traction emerges when particles are close to each other.
The overlap of the excluded volume around the large par-
ticles increases the volume available to the small ones.
Hence, the total entropy increases, as shown in the pi-
oneering paper of Asakura and Oosawa [19] almost fifty
years ago. However, the excluded volume effect observed
in equilibrium systems can not be the sole cause for the
effective interaction between passive colloids in a bath of
active particles [20]. Instead, this effect, added to the
peculiar non-equilibrium features of the dynamics of the
self-propelled particles, generates an effective attractive
or repulsive interaction which depends, e.g. on the shape
of the passive particles, magnitude of the velocity of the
active particles, ratio size between the passive colloids
and active particles, and density [21–23]. In spite of its
distinct nature, we follow the literature and still name
here the effective interaction between passive objects in a
bath of active particles as depletion interaction, and also
name the force on the passive objects due to the active
particles as depletion force. It is worth to mention that
the shape of passive objects is indeed a relevant feature
that induce modifications in the depletion interaction, as
demonstrated very recently on a experimental study of
coloidal particles in a passive bath [24].
In this work, we analyze the effects of the shape and
relative orientation of passive elliptical colloids (PEC) in
a bath of active particles in order to determine the ef-
fective interaction between such passive particles. We
systematically study how the depletion interaction be-
tween two passive elliptical colloids behaves in a 2D (two-
dimensional) bath of active particles. In most of the cases
we find that the depletion interaction is repulsive, even
for very short distances between the passive objects. This
is very surprising, and opposite to what has been recently
observed for the interaction between paralell hard-walls
[21], also in a bath of SPP. As will be discussed along
the manuscript, the clustering of SPP on the surface of
passive objects is the reason for the depletion interac-
tion in a bath of SPP [25]. The clustering of SPP was
well described by an athermal model system [2], the same
considered in the present work.
In Sect. II we introduce the model system and define
the key quantities used to characterize the system. In
Sect. III, we present and discuss the numerical results.
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2Our conclusions are given in Sect. IV.
II. MODEL SYSTEM
A. Details of the numerical simulations
Our system consists of two passive elliptical colloids
(PEC) in a 2D bath of N = 1270 active particles (or
SPP). The SPP are modelled as soft disks of diameter σ
which interact with each other and with the PEC through
spring-like forces of stiffness κSPP and κPEC, respectively,
with κPEC  κSPP. Each SPP moves with velocity
~vi = v0 cos θi(t)ˆi+v0 sin θi(t)jˆ, where v0 is the magnitude
of the self-propulsion velocity. In every timestep ∆t, the
velocity ~vi is subjected to random fluctuations in the di-
rection θi(t) which is proportional to a Gaussian white
noise (Gi(t)) satisfying 〈Gi(t)〉 = 0 and 〈Gi(t)Gj(t′)〉 =
2ηδijδ(t−t′), where η is the angular noise intensity. Sim-
ilarly, 〈ξi(t)〉 = 0 and 〈ξi(t)ξj(t′)〉 = 2ξδijδ(t− t′), where
ξ is the translational noise intensity. Therefore the equa-
tions of motion for the ith active particle are written as
∂~ri
∂t
= ~vi + µ~Fi + ξi(t),
∂θi
∂t
= Gi(t), (1)
where µ is the SPP motility, ~Fi =
∑
j
~Fij is the total force
on particle i and the sum is over j 6= i SPP and/or PEC,
where rˆij is the unitary vector with the direction pointing
from the contact point at the surface of the PEC to the
center of the SPP, i.e., from j to i. The force on the PEC
is the negative of this force, i.e., Fij = −καij rˆij , where
αij is the SPP-PEC overlap. When αij > 0 then (Fij = 0
otherwise). For interaction between SPP αij = σ − rij ,
where σ is the diameter of a single SPP. For SPP-PEC
interaction αij = Rij − 2z, where z = a (if a > b) and
z = b (if b > a), and Rij = r
(1)
ij + r
(2)
ij , where r
(1)
ij (r
(2)
ij ) is
the distance between the ith SPP and the first (second)
focus of the jth ellipse (Fig. 1).
For horizontal (semi-major axis along the x-axis) PEC,
r
(1)
ij and r
(2)
ij equations are given by
r
(1)
ij =
√√√√(xi −(xj −√(a+ σ
2
)2
−
(
b+
σ
2
)2))2
+ y2i ,
(2)
r
(2)
ij =
√√√√(xi −(xj +√(a+ σ
2
)2
−
(
b+
σ
2
)2))2
+ y2i .
(3)
where xi and yi are the coordinates of the ith SPP, and xj
is the coordinate of the jth PEC. The PEC are assumed
to be always along the x-axis (yj = 0). For vertical (semi-
major axis along the y-axis) PEC, r
(1)
ij and r
(2)
ij are given
by
r
(1)
ij =
√√√√x2i +
(
yi +
√(
a− σ
2
)2
−
(
b+
σ
2
)2)2
, (4)
r
(2)
ij =
√√√√x2i +
(
yi +
√(
a+
σ
2
)2
−
(
b+
σ
2
)2)2
. (5)
In the present work we consider ξi(t) = 0, which means
that the SPP are not submitted to translational thermal
fluctuations, and the detailed balance is not obeyed in
this system. Recently, such a model system has been
called an athermal model system[2, 25].
In all simulations we employed periodic boundary con-
ditions in both x− and y−directions. The equations of
motion are integrated using a second order stochastic
Runge-Kutta algorithm [26]. Lengths are given in units
of σ, and the unit of force F0 is such that κSPP = κ˜(σ/F0)
where κ˜ has units of force per distance. The unit of time
is t0 = σ/µF0. Henceforth, all quantities are dimen-
sionless, unless stated otherwise. We consider v0 = 1,
κSPP = 50, κPEC = 1000 and µ = 1. The equations of
motion are integrated using a time step ∆t = 10−3. In
all simulations, we run 5× 106 thermalisation time steps
and calculated averages from 5× 106 up to 15× 106 time
steps.
B. Interaction between the passive colloids
We are interested in the force between PEC in a bath
of active particles. We proceed in this way by considering
two PEC at fixed separation and by calculating their in-
teraction with the active particles. Specifically, we calcu-
late the average force 〈Fx〉, along the x-direction, exerted
on the left ellipse (Fig. 1) by the bath of active parti-
cles, which is the same in magnitude to the average force
exerted on the right ellipse. We define l as the distance
between the closest points of the two passive elliptical
colloids (Fig. 1).
It is convenient to define a dimensionless parameter
λ = b/a. For the case λ = 1, the PEC are circles. For
λ > 1 the ellipses have their major axis along the y-
direction (vertical ellipses), while for λ < 1 the ellipses
have their major axis along the x-direction (horizontal
ellipses). We always consider the minor axis of the PEC
equal to 5. In this way, for λ ≥ 1, a = 5 and 5 ≤ b ≤ 10.
For λ ≤ 1, b = 5 and 5 ≤ a ≤ 10.
The magnitude of the interaction between the PEC
is studied as a function of the dimensionless parameter
λ, the distance between the PEC, l, the angular noise
intensity η and the area fraction φ, with the later defined
as φ = Npi4(L2−ST ) , where N is the number of SPP, L is
the size of the 2D squared simulation box and ST is the
total area occupied by the PEC. Note that φ is related
3FIG. 1: (color online) (a) The schematic representation of
model system. The black circle represents the SPP of diame-
ter σ and red ellipse represents the obstacle. r
(1)
ij (r
(2)
ij ) is the
distance between the SPP and the Focus 1 (Focus 2) of the
obstacle. a is the size of the horizontal semi-axis and b is the
size of the vertical semi-axis. (b) indication of the distance l
between the closest points of the passive elliptical colloids.
to the density n of SPP, i.e. φ = pin/4, where n is the
SPP density.
In order to present how the SPP are distributed over
the simulation box over time, it is convenient to intro-
duce the reduced area fraction distribution, defined as
log10[φi/φbulk], where φi is the time average area frac-
tion in the i-th sub-box (the total simulation box is split
in small sub-boxes) and φbulk is the time average area
fraction calculated far from the PEC. φbulk is the average
area fraction of the four sub-box located in the corners of
the simulation box, which are far enough from the PEC
in order to ”feel” their presence.
III. RESULTS AND DISCUSSIONS
A. Influence of the shape and orientation of the
obstacles
In this section we analyse the influence of the shape
and orientation of the PEC on the depletion interaction
in the active bath. For this, we study how 〈Fx〉 depends
on the separation l (Fig. 1) between the PEC along the
x-axis. The shape and orientation of the PEC are con-
trolled by the parameter λ which is considered in the
interval 0.5 ≤ λ ≤ 2. The other relevant parameters of
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FIG. 2: (color online) The average force 〈Fx〉 as a function
of the distance between the PEC (l), for different values of
λ. (a) Vertical PEC (λ > 1); (b) Horizontal PEC (λ < 1).
In both cases, the area fraction of the active bath is φ = 0.1
and the angular noise is η = 10−4. The force is calculated on
the left PEC. Note that Fig.2(a) and Fig.2(b) have different
scales, with λ = 1 curve plotted in both figures.
the model, namely, the area fraction and noise intensity
are kept constant as φ = 0.1 and η = 10−4, respectively.
The average force 〈Fx〉 on the left PEC as a function of
l for different values of λ, is shown in Fig. 2. 〈Fx〉 ex-
hibits negative values for any λ, indicating that the left
PEC is pushed away from the right PEC. The explana-
tion for this behavior consists of two arguments, based
on what we observed in our simulations: the first one is
based on the aggregation of the SPPs in between the PEC
(which is the main reason for the repulsive character of
this force); as a consequence of the fact that the SPPs
do not collide in the usual sense, but stick to surfaces
upon contact. The second argument is stated mainly
to explain the general shape of the curves seen in Fig.
2. Therefore, the effective interaction between the PEC
is repulsive, which is opposite to the result obtained by
Asakura and Oosawa[19] for a bath of passive particles.
Recently, Ni et al. showed that the repulsive interaction
4FIG. 3: (color online) The reduced area fraction distribution
for l = 0 and (a)λ = 2, (b)λ = 1, (c)λ = 0.5, l = 0.5 and
(d)λ = 2, (e)λ = 1, (f)λ = 0.5, l = 0.9 and (g)λ = 2, (h)λ = 1,
(i)λ = 0.5 and l = 1 and (j)λ = 2, (k)λ = 1 and (l)λ = 0.5,
for φ = 0.1. We consider a logarithmic plasma color code.
is not the only one observed in a 2D bath of active parti-
cles. In the low density case, it was observed a long-range
attraction between parallel hard-wall plates [21]. Similar
results were also obtained by D. Ray et al [23] but there
they found regimes in which there is a crossover from at-
traction to repulsion between the walls as a function of
wall separation and wall length and by Stenhammar et
al [27], where it was found that in a mixture of active
and passive particles motility of the active component
triggers active-passive segregation, which illustrates the
attraction between passive particles.
For l ≤ 0.9 the magnitude of 〈Fx〉 increases monoton-
ically with increasing l in both cases λ < 1 and λ > 1.
〈Fx〉 drops considerably as the separation between the
obstacles approach the diameter of a single SPP. This
happens because the SPP becomes able to pass between
the obstacles, reducing drastically the pressure on them.
It is also interesting to observe that the depletion forces
on horizontal PECs are one order of magnitude higher
than those on vertical PECs.
In order to complement and have a better undestand-
ing of the previous results, the reduced area fraction dis-
tribution for l = 0, 0.5, 0.9 and l = 1 is presented in Fig.
3. The concentration of SPP is larger in the region be-
tween the PEC compared to the agregation around them.
This creates an unbalance on the SPP concentration be-
tween PEC such that induces forces on both PEC in op-
posite directions. In addition, the concentrations of SPP
in cases with λ < 1 are larger than the ones found in
cases with λ > 1. This is one of the reasons for the dif-
ference in magnitude of 〈Fx〉 as a function of λ observed
in Fig. 2. In addition, the closer the SPP are from the
line joining the center of the PEC, the more intense is the
x-component of the depletion force. Figs. 3(a), (d), (g),
and (j) indicate that the accumulation of SPP around the
vertical PEC is higher in the region around x = 0, y± a,
while from Figs. 3(c), (f), (i), and (l) the aggregation of
SPP around horizontal PEC is higher around the point
x = 0, y = 0. Therefore, the distribution of SPP around
the PEC indicates that the force exerted by the SPP on
vertical PEC, is smaller than that exerted on horizontal
PEC.
Regarding the dependence of 〈Fx〉 on the separation l
between the PEC (Fig. 1), we may understand this result
qualitatively as follows. When the PEC are at l = σ, a
single particle (we consider it to have very low rotational
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FIG. 4: (a) Maximum approach distance, yi, as given by the
solution of Eq. (6) and (b) depletion force calculated from
the compression of a single particle due to the right PEC.
5noise) can fit through them with no overlap, and hence
the force is zero. When l < σ, a particle may still pass
between them, but with some overlap (due to the soft-
core elastic interaction). Therefore, the repulsive force
should increase. This will occur up to a point in which
the maximum compression balance the intrinsic force of
the SPP, and it gets trapped in between the obstacles.
As we lower l, the horizontal (x-axis) projection of the
trapping force decreases, for the SPP will be trapped at
a point further away in y from the line joining the PECs;
therefore, we should expect a lower repulsion for closer l.
The active particles get trapped in a similar mechanism
as found by Kaiser et al [28]. In our case, vertical PEC,
because of the more narrow inner space (compared to
that of horizontal PEC), accumulates fewer particles than
horizontal PEC, which has a larger inner space.
Moreover remember that we considered very low ro-
tational noise (η = 10−4) and its variation would only
change the magnitude of the force (as detailed in Sect.
III B), but not its general dependence on l.
Quantitatively, we can frame this discussion by consid-
ering a circular PEC (λ = 1.0), in which an active particle
moves in the direction perpendicular to the line joining
the obstacles and through the middle point of such line.
When it is compressed by the PEC, it experiences a force
with a magnitude of F = κPEC(
D+σ
2 −r), where D is the
circular PEC diameter and r =
√
(D + l)2/4 + y2 is the
SPP-PEC distance. The vertical force on the active par-
ticle due to the compression with the PEC is Fy = Fy/r,
and, in general, we have Fy ≤ v0γ. When the equal-
ity holds, the particle gets trapped in between the PEC.
Hence, we can calculate the yi in which this will occur,
for a definite l, by solving the following equation:
v0γ = κPEC
(
D + σ
2
− r
)
y
r
(6)
The repulsive force in each PEC due to this passage
of the small particle is simply Fx = F (D + l)/2r; then,
by calculating y, and r, we can calculate Fx . In Fig. 4
we present this force and the corresponding solution to
Eq. 6, with the parameters used in our simulations. Note
that for l/σ > 0.93, there is no curve because the particle
is able to cross the line joining the PEC, resulting that
there is no solution to Eq. 6. The curve we obtained has
the the features of those seen in Fig. 2, it has a minimum
(maximum force) and decreases up to the point in which
the PEC touch each other, and the behavior with l is
non-linear. The depletion force evaluated above is lower,
compared to the numerical results, by, approximately,
one order of magnitude.
These differences between our simulation results and
the single particle compression argument we drew are
due to the aggregates between the obstacles. This phe-
nomenon will clearly increase the depletion force because
more particles will interact with the PEC.
To make sure the results found in Fig. 2 are induced
by the active behaviour of the SPP, we made simulations
switching off the self-propulsion with non-zero transla-
tional noise (results not shown). The expected atractive
interaction between the colloids in a bath of passive parti-
cles is indeed observed for λ = 1 and λ = 2. On the other
hand, for λ = 0.5 the depletion force was found to be
repulsive, contrary to the well known result of Asakura-
Oosawa. The magnitude of this repulsive force is of the
order of those we show in Fig. 2(b) (〈Fx/F0〉 = −250 for
a thermal noise intersity of 100). We leave the investiga-
tion of this result for future work.
B. Influence of the angular noise η
Recent studies have shown that the noise intensity
plays an important role in active matter systems [25, 29].
Therefore it is interesting to consider its influence on the
depletion interaction in the present model. We study the
noise dependence of 〈Fx〉 for λ = 0.5 (horizontal ellipse),
λ = 1.0 (circle) and λ = 2.0 (vertical ellipse). The area
fraction is φ = 0.1. The PEC are placed in contact with
each other, i.e., l = 0.
The results are presented in Fig. 5. In general,
the repulsive force vanishes for a large enough noise
intensity. As shown previously [25], the dynamics of
SSP around rigid obstacles is based on the sliding of the
particles over the PEC surface. Large noise intensity
results in large fluctuations in the direction of the SPP
velocity which allows the SPP to leave the PEC surface,
reducing the pressure, and consequently, reducing the
repulsive depletion force between the PEC.
We also found that with decreasing η, the magnitude
of the force increases much faster for λ = 0.5 than in
the other two cases. This is a consequence of the mech-
anism explained in the Sect. III A. By decreasing the
noise intensity large clusters are allowed to form, and
these clusters contribute more to the repulsive force in
the horizontal case.
C. Influence of the area fraction
In this section we study the dependence of the average
force 〈Fx〉 on the area fraction φ of the active particles.
The results, for the same three λ values presented in Sect.
III B, are shown in Fig. 6 for the case in which the PEC
are in contact (l/σ = 0). The angular noise is η = 10−4,
which corresponds to the largest magnitude of 〈Fx〉 for
both horizontal and vertical PEC (see Fig. 6). Beyond
the difference of one order of magnitude between the force
observed in the cases with vertical and horizontal PEC,
the resultant interaction presents a clearqualitative dis-
tinction with respect to the shape and orientation of the
PEC. For horizontal PEC (λ = 0.5) the depletion force
is always repulsive and increases in magnitude with in-
creasing φ. On the other hand, for vertical PEC (λ = 2),
the depletion force is repulsive for low φ, and becomes
6FIG. 5: (color online) The average force 〈Fx〉 as a function of
the noise, η for φ = 0.1. Black squares indicates λ = 0.5, blue
triangles indicates λ = 1.0 and red circles indicates λ = 2.0.
The obstacles are in contact (l/σ = 0.0).
attractive for φ >∼ 0.2. A similar qualitative behavior
seems to be followed by circular PEC (λ = 1), but we
did not found any change from repulsion to attraction in
the φ-interval considered in our study (φ < 0.4). Our
results are different from the ones found by Ni et al [21],
in which attractive forces are induced in the low density
case in a system of hardwall bars in an active bath. In
the present system, we observe only repulsive forces in
the low area fraction limit.
Qualitatively, our results can be understood by observ-
ing how the SPP are distributed around the PEC. In this
case, we resort again on the reduced area fraction distri-
bution, presented in Fig. 7 for λ = 2.0, λ = 1.0, and
λ = 0.5. The shape and orientation of the PEC is im-
portant concerning the accumulation of particles around
them. It is remarkable that for any φ presented in Fig.
7 the concentration of SPP around the central region
(where the PEC touch each other) is higher in the case
of horizontal PEC when compared to the cases of verti-
cal and circular PEC. As a consequence, there is a larger
pressure in the central region, explaining the higher re-
pulsive depletion force observed on the horizontal PEC.
When the PEC are vertical, the SPP become more spread
around the PEC (and less in the central region) as φ in-
creases, reducing in this way the pressure in the central
region of the PEC and consequently the magnitude of the
repulsive force on the PEC. The accumulation of SPP out
of the central region between the PEC eventually change
the character of the force on the PEC repulsive to attrac-
tive.
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FIG. 6: (color online) The average force 〈Fx〉 on the left PEC
as a function of the area fraction φ for η = 10−4. Black
squares indicate λ = 0.5, blue triangles indicate λ = 1.0 and
red circles indicate λ = 2.0. The obstacles are in contact
(l/σ = 0.0). For λ = 2.0 the error bars are smaller than the
symbols.
FIG. 7: (color online) The reduced area fraction distributions
for different area fractions and λ = 1 (three top panels), λ = 2
(three middle panels) and λ = 0.5 (three bottom panels). The
angular noise is η = 10−4. We consider a logarithmic plasma
color code.
D. Depletion forces for l/σ > 1
In this section, the depletion forces are analyzed as
a function of separation l between the PEC, but, for
l/σ > 1. The results are shown in Fig. 8. For cir-
cular PEC (λ = 1) the depletion forces do not vanish
up to l/σ = 2, differently from the analytical predic-
7FIG. 8: (color online) The average force 〈Fx〉 as a function
of the distance l/σ for φ = 0.1 and η = 10−4. Black squares
indicates λ = 0.5, blue triangles indicates λ = 1.0 and red
circles indicates λ = 2.0. Dashed curves are the exponential
fit for λ = 2 (red) where ξ ≈ 0.89, λ = 1 (blue) where ξ ≈ 1.39
and λ = 0.5 where ξ ≈ 3.45 (black).
tion by Asakura and Oosawa considering a bath of pas-
sive particles.[19]. Null forces were observed only for
larger distances (l/σ ≥ 10 independent of λ). For the
cases shown in Fig. 8 〈Fx〉 decreases, but falls more
rapidly for horizontal PEC. For λ = 0.5, 〈Fx〉 takes a
longer distance to vanish (l/σ = 10). In Fig. 9, we
show the reduced area fraction distribution for λ = 2,
λ = 1 and λ = 0.5, and l/σ = 0 and 5. For λ = 2 and
λ = 1, each PEC has its own cluster, while for λ = 0.5,
there is only one cluster for both PEC, rendering a non-
vanishing repulsion at such large distances. It is also
important to note that in all three cases as distance l/σ
increases, depletion forces raises with an exponential be-
haviour 〈Fx〉/F0 ∝ − exp−l/ξ, where ξ can be understood
as the range of the force, in agreement with previous
works [21–23].
E. Depletion forces for vertical-horizontal PECs
In the previous sections, we showed that forces on
horizontal and vertical PECs behave differently as
functions of λ, φ and l. In this section we provide an
analysis of the mean depletion forces between PECs,
where the left one is vertical and the right one is
horizontal. We study the cases where the vertical PEC
have λ = 1.4, 1.6, 2.0 and the horizontal PEC have
λ = 0.714, 0.625, 0.5, respectively, such as the product
of vertical and horizontal λ is always equal to 1. The
depletion force as a function of l/σ (varying from 0 to 1)
is shown in Fig. 10. The results are qualitatively similar
to those observed previously when the obstacles are
both horizontal or vertical (Fig. 2), i.e, there is a strong
FIG. 9: (color online) The reduced area fraction distribution
for different distances between the PEC. The area fraction of
the SPP is the same for all the presented cases (φ = 0.1). The
passive colloids in the top panels have the parameter λ = 1.
The passive colloids in the middle panels have the parameter
λ = 2, and the passive colloids in the bottom panels have the
parameter λ = 0.5. We consider a logarithmic plasma color
code.
increase in magnitude of the repulsive force right below
l = 1.0, and a subsequent decrease of this magnitude
as we bring the PECs closer to each other. The main
difference between Figs. 2 and 10 is that the absolute
value of the force in Fig. 10 is between the values of
those curves in Fig. 2 for PECs at the same λ; although
they are closer to those values observed for horizontal
PEC in Fig. 2. Moreover, we found that the force is the
same on both PECs.
We should expect that this should occur because none
of the ellipses break the symmetry of the system, i.e.,
there is no induced motion (as would happen if one of
those happened to be a half-ellipse). Therefore, the force
is equal in both obstacles. Also, the magnitude of this
force comes from the aggregate of SPP in between the
PECs; now, as we saw in Figs. 3, 7, and 9, this aggregate
depends on the shape of the PEC, but as we bring them
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FIG. 10: (color online) Average force 〈Fx〉 as a function of the
distance l/σ for φ = 0.1 and η = 10−4. 〈Fx〉 on the left PEC
is described by full symbols, while for the right PEC, 〈Fx〉
are described by empty symbols. Black squares indicates λ =
0.5, blue triangles indicates λ = 1.0 and red circles indicates
λ = 2.0.
closer, they merge and form a single structure, exerting
the same force in both PECs. From this, we will have
an aggregate formed from the cluster of the vertical and
the horizontal PEC; and it will be smaller (larger) than
between two horizontal (vertical) PEC, and will yield a
weaker (stronger) repulsive force.
IV. CONCLUSIONS
We studied depletion forces on passive elliptical col-
loids (PEC) immersed in a bath of self propelled particles
(SPP). In general, the depletion force is repulsive and de-
pends on the shape (eccentricity) and orientation of the
PEC. The dimensionless parameter λ (the ratio between
the lengths of the semi-major and semi-minor axis of the
ellipse) was defined and used to characterize the shape
and orientation of the PEC. Horizontal (along the x-axis)
and vertical (along the y-axis) PEC are characterized by
λ < 1 and λ > 1, respectively. In general, the depletion
force observed on horizontal PEC is one order of magni-
tude larger than that observed on vertical PEC, due to
the particular sliding dynamics of active particles in rigid
surfaces. We argued that the difference in value of 〈Fx〉
observed for distinct λ is due to the larger aggregation
(the mechanism responsible for repulsion) in between the
horizontal PEC as well as the larger horizontal projection
of the compressive force between the SPP and PEC for
λ < 1.0. With respect to the separation between the
PEC, as the PEC get further away from each other, the
magnitude of the depletion force increases until the dis-
tance reaches l = 0.9, where the force drops sharply, and
almost reaches zero. Such a behavior was observed inde-
pendently of λ. Noise strength has a significant influence
on depletion forces, once for the cases studied (circular,
vertical and horizontal elliptical objects) the higher the
angular noise, the lower the magnitude of the depletion
forces. This happens because the clusters around the
PEC decrease in size as angular noise raises. By increas-
ing the concentration of active particles (area fraction)
we show that it is possible to achieve attractive forces
between the PEC for λ ≥ 1.0. High values of the area
fraction allow the SPP to coalesce on the outer side of
the obstacles, and contribute to lowering the repulsive
depletion force. In particular, for λ = 2.0 (vertical PEC)
and φ >∼ 0.2, the SPP decrease their presence in the re-
gion between the PEC at the same time that they attach
to the outer side of the PEC such that the net force be-
comes attractive. For separation between the PEC l > 1,
the depletion forces decreases with increasing l but with
distinct rates, which depend on the shape of the PEC. E.
g., for l = 5 and λ = 0.5 (horizontal PEC), a considerable
agglomeration of SPP is still found between the PEC re-
sulting in a non-vanishing repulsive force, distinctly from
the cases λ = 1.0 (circles) and λ = 2.0 (vertical PEC),
where 〈Fx〉 ≈ 0. Finally, we studied the depletion force
when one horizontal PEC is close to a vertical PEC in a
bath of active particles. The depletion force is repulsive,
but with an intermediate magnitude compared to those
observed in the cases with two horizontal or two vertical
PEC.
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VI. APPENDIX A
The contact SPP-PEC can be modelled as follows: in
order to write the overlap, α, as a function of SPP coor-
dinates, we consider that SPP interacts with a new PEC
(PEC’) such that its semi-axis are σ/2 bigger than the
original one. So α = r
(1′)
ij + r
(2′)
ij − 2z′
′
, where z′ = a′ for
horizontal PEC’ and z′ = b′ for vertical PEC’. Apostro-
phe (′) means the PEC’ variables. Equation for r(1
′)
ij and
r
(2′)
ij can be written as
r
(1′)
ij =
√
(xi − x′f1)2 + (yi − y′f1)2 (7)
r
(2′)
ij =
√
(xi − x′f2)2 + (yi − y′f2)2 (8)
where xi and yi are SPP coordinates, xj and yj are PEC
coordinates and x
′
f1 and x
′
f2 are PEC’ focus coordinates.
Supposing, at first, a horizontal PEC placed on x-axis,
it is important to note that, in this case:
9(i) ellipse focus coordinates are (−e′a′, 0) and (e′a′, 0)
(focus 1 and 2, respectively), where e′ is the excentricity
of PEC’
(ii) e′ =
√
a′2 − b′2/a′, then xf1 = xj −
√
(a′2 − b′2) and
xf2 = xj +
√
(a′2 − b′2) and
(iii) a
′
= a+ σ2 and b
′
= b+ σ2 , so that equations (7) and
(8) can be rewritten as
r
(1)
ij =
√√√√(xi −(xj −√(a+ σ
2
)2
−
(
b+
σ
2
)2))2
+ y2i
(9)
r
(2)
ij =
√√√√(xi −(xj +√(a+ σ
2
)2
−
(
b+
σ
2
)2))2
+ y2i
(10)
If PEC are vertical, ellipse focus coordinates are
(0,−e′a′) and (0, e′a′) and then
r
(1)
ij =
√√√√x2i +
(
yi +
√(
a+
σ
2
)2
−
(
b+
σ
2
)2)2
(11)
r
(2)
ij =
√√√√x2i +
(
yi −
√(
a+
σ
2
)2
−
(
b+
σ
2
)2)2
(12)
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